ABSTRACT This paper concerns the finite-time trajectory tracking control problem for an underactuated marine surface vessel (MSV) suffering from the external disturbance and parameter uncertainties. First, the virtual velocity command is proposed based on a novel piecewise function. It will be illustrated that the position tracking error can be stabilized to small regions in finite time once the desired velocity commands are tracked. Then, an adaptive tracking controller is developed such that sway and yaw velocities can converge to the desired ones in finite time. Utilizing the proposed control strategy, global finite-time stability can be ensured for the position and velocity tracking errors even in the presence of external disturbances and parameter uncertainties. Finally, the effectiveness of the proposed controller is illustrated by numerical simulation.
I. INTRODUCTION
In recent years, trajectory tracking control for marine surface vessels (MSVs) has emerged as one of the most attractive fields due to its potential applications in various marine missions, involving environment monitoring, polar science research, rescue missions, etc. As one of the indispensable parts during these marine activities, trajectory tracking control always plays an important role to accomplish complicated tasks. However, designing controllers for MSVs still poses many challenges stemming from its highly nonlinear dynamics and underactuated characteristic. The underactuated characteristic means that the dimension of the control input of MSVs is always less than that of the configuration vector, leading to the non-integrable acceleration constraints on the sway dynamics. Furthermore, the complex ocean environment always produces unknown disturbance, such as wind and ocean current, making it a difficult task to track a desired trajectory. In spite of these difficulties, diverse advanced methods have been presented to design controllers for MSVs, such as adaptive control [1] - [3] , backstepping control [4] - [6] , sliding mode control [10] , [11] , fuzzy control [12] , [13] and Neural Networks control [11] - [12] .
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Considering the complex external disturbances and parameter uncertainties, adaptive control strategies have been widely adopted to developed controllers for MSVs by estimating unknown parameters online [1] - [3] . Compared with other nonlinear methods, sliding mode control strategy possesses better control performance in dealing with the external disturbances and system uncertainties [7] - [9] , which leads to fruitful results for the trajectory tracking control of MSVs [10] , [11] . Though, the external disturbance and uncertainties can be dealt with properly by the methods mentioned above, the unmodeled system dynamics should be taken into account. In view of this, Fuzzy control strategies [12] and Networks control approaches [13] have been exploited to approximate the uncertainties in system dynamics. A common problem in [1] - [13] is that the presented controllers can only be applied to fully actuated MSVs, leading to much limitation in practice.
To improve the applicability of the trajectory tracking controllers, ever-increasing focus is lying on the nonlinear control for underactuated MSVs. In [14] , a liner sliding mode control scheme was constructed to deal with the lateral motion control of underactuated MSVs. In contrast to the proposed technology in [14] , nonlinear sliding mode surfaces were designed to solve the tracking control problem for MSVs, which can effectively improve the convergence speed VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ [31] . However, the external disturbance has been ignored in [14] and [31] , causing substantial performance degradation in practice. In order to reduce the adverse effect of the external disturbances and unmodeled system dynamics, a novel trajectory tracking control algorithm was proposed for underactuated autonomous underwater vehicles based on integral sliding mode control and neural network approach [16] . It must be noted that the transient and steady-state response of MSVs system cannot be prespecified in [14] - [16] , though the external disturbance can be handled. Taking this fact into account, the prescribed performance control strategy and Barrier Lyapunov function have been investigated for tracking control of MSVs [17] - [20] . It is obvious that the proposed results can only be used to solve the tracking control problem of a single MSV. For the formation tracking control problem of multiple underactuated MSVs, researchers have acquired extremely abundant achievements [21] - [25] . Though effective for trajectory tracking control of underactuated MSVs, controllers proposed in [14] - [25] are asymptotically stable, meaning that the tracking error will be stabilized as time goes infinite. Compared with these asymptotically stable control schemes, finite-time control strategies for MSVs [26] - [29] possess faster convergence rate and better robustness to the external disturbance. By utilizing finite-time extended state observers, a distributed formation control strategy was established for multiple MSVs in [26] . In [27] , a robust finite-time output feedback controller was proposed for MSVs based on a novel disturbance observer. For the purpose of improving the reliability of the MSVs system, a finite-time fault-tolerant control strategy was designed with LOS range and angle constraints considered [28] . A novel fixed-time output feedback trajectory tracking controller was proposed for MSVs subject to external disturbances and uncertainties [29] . It must be pointed out that these finite-time controllers proposed in [26] - [29] can only be applied to fully actuated MSVs. Therefore, it is highly desirable to design robust finite-time tracking controllers for underactuated MSV systems.
Motivated by the above observations, the finite-time trajectory tracking control problem for uncertain underactuated MSVs will be investigated by utilizing sliding mode technology and adaptive laws. The originality and novelty of the proposed control scheme are stated as follows: i) Global finite-time stability can be ensured for the tracking errors of underactuated MSV systems even in the presence of external disturbances and parameter uncertainties. Different from the existing finite-time controllers presented in [26] - [29] , the proposed controller in this paper can be used for underactuated MSVs, which is of great practical significance in engineering applications.
ii) Compared with the sliding mode methods given in [14] and [15] , the external disturbance and system parameter uncertainties can be properly handled simultaneously, thus improving the practicality of the controller greatly.
iii) A novel finite-time sliding mode surface is established based on the hyperbolic tangent function. In contrast to the existing terminal sliding mode technology, the proposed method can avoid the singularity problem. Meanwhile, a novel adaptive law is constructed to ensure global finite-time stability for the sliding mode surface.
The remainder of this paper is given as follows. In section II, preliminaries and problem formulation are presented. Section III is devoted to controller design and stability analysis. In section IV, numerical simulations are conducted to show the effectiveness of the proposed controller. Finally, it comes to the conclusion of this paper in section V.
II. PRELIMINARIES AND PROBLEM FORMULATION A. PRELIMINARIES
Notation. In this paper, the notation |σ | represent the absolute value of a scalar σ , sig α (σ ) is defined as sig α (σ ) = |σ | α sign (σ ). Lemma 1 [30] : For the systemẋ = f (x), f (0) = 0, x ∈ R n , V (x) converges to the equilibrium point in finite time if there exists a continuous function V (x) : U → R satisfying Eq. (1), where
Lemma 2 [30] : For any scalar z i , i = 1, 2, . . . , n, equation (2) always holds when 0 < p < 1 exists.
Lemma 3 [5] : For any z ∈ R, µ > 0 and κ = 0.2785, the relation Eq. (2) exists.
B. DYNAMIC MODEL OF AN UNDERACTUATED SURFACE VESSEL
The kinematic and dynamic model of an uncertain underactuated MSV with three degree of freedom is established in this section. Assuming that the MSV moves in the horizontal plane, its kinematic mathematical model can be written as [15] :
where x and y denote the surge and sway displacement of the center of mass, respectively, ψ denote the yaw angle of the MSV defined in the earth-fixed frame, u, v and r stand for the surge, sway and yaw angular velocity with respect to the body-fixed frame, respectively.
The dynamic model of the MSV with external disturbances can be given as [15] : 22 , m 33 being the hydrodynamic damping and ship inertia including added mass in surge, sway and yaw, τ u and τ r being the surge force and the yaw moment, τ ud , τ vd and τ rd being the unknown external disturbances.
To derive the finite-time trajectory tracking controller for the MSV, the following assumptions are introduced.
Assumption 1: The external disturbance always satisfies (6)- (7) by combining the kinematic model Eq. (4) and the dynamic model Eq. (5). 
III. CONTROLLER DESIGN
In this section, a finite-time controller is developed to realize the control objective. Initially, novel desired velocity commands u d and v d will be proposed to ensure finite-time stability for the tracking errors x e and y e . In the further design, x e and y e will be stabilized to small regions x and y only if the sway and yaw velocity can converge to the desired trajectory. To this end, an adaptive finite-time controller is proposed such that the sway and yaw velocity can converge to the desired velocity commands. Thus, the controller design procedure is twofold. In the first step, the desired velocity is proposed by utilizing a novel piecewise function. In the second step, a finite-time controller is developed based on the sliding mode control method.
A. DESIRED VELOCITY DESIGN Theorem 1. Considering the position tracking error dynamic Eq. (6), if the velocity tracking errors e u and e v converge to two small residual sets u and v in finite time, respectively, the position tracking errors x e and y e will converge to small regions x and y in finite time when the desired surge and sway velocity are proposed as Eqs. (8)- (10) .
Here, α, k 1 , k 2 and o are positive constants satisfying 0 < α < 1,
The Lyapunov function is selected as:
According to Eq. (6), the following equation can be obtained:
According to the definition of the velocity tracking error e u and e v , the following equation can be derived by combing Eq. (8) and Eq. (13) .
e u e v = cosψ sinψ
For clarity, we define A = [e u ;e v ], B = cosψ sinψ
, Due to the fact that A ≤ o, B = 1, it can be concluded from Eq. (14) that C ≤ o. Thus, the following relation can be deduced:
Differentiating V 1 with respect to time and substituting Eq. (15) yieldV
Recalling the definition of H (x e ) by Eq. (9), it leads to the following result if |x e | > exists.
To deal with the term o 2 , Eq. (17) can be further written as Eqs. (18)- (19) .
where
Then, in view of Lemma 1, it can come to the conclusion that x e will converge to the region |x e | ≤ min ,
Through a similar analysis, one can deduce that y e will converge to the region |y e | ≤ min ,
Thus, Theorem 1 has been proven.
Remark 1:
Compared with the existing works [14] and [15] , where the desired velocities u d and v d can only guarantee asymptotic convergence for the position tracking error x e and y e , finite-time stability can be obtained for x e and y e if the desired velocities are designed as Eqs (8)- (10) . Consequently, the proposed algorithm possesses faster convergence ability than that in [14] and [15] .
Remark 2: The nonlinear function H (z) defined in Eq. (9) is applied to ensure finite-time stability for the position tracking errors. Though the singularity problem can be avoided, x e and y e can only converge into two small regions rather than the origin. The parameter must be selected such that H (z) be continuous and differentiable at the point z = . Thus, by assuming H + = H − andḢ + =Ḣ − , can be calculated as = (
Remark 3. In order to facilitate the controllers design, the derivative of H (z) is given as follows:
B. FINITE-TIME CONTROLLER DESIGN
In this subsection, an adaptive tracking controller will be developed to ensure finite-time stability for the velocity tracking errors. From theorem 1, it is concluded that x e and y e are finite-time stable only if e u and e v converge to two small regions under the desired velocity Eq. (8). Therefore, global finite-time stability will be derived for the position and velocity tracking errors under the proposed control scheme.
To pursue the control problem, two novel sliding mode surfaces are proposed as:
Thus, the derivative of S 1 and S 2 can be calculated as:
It is worth pointing out that the sliding mode surface Eqs. (21) and (22) can ensure finite-time stability for tracking errors e u and e v . Specifically, these two tracking errors will converge to two small regions around the origin only if the sliding mode manifolds Eqs. (21) and (22) can be reached within finite time. Upon utilizing the proposed sliding mode surfaces, the following adaptive controllers can be designed:
where k 5 ,k 6 ,λ i , i = 1, 2, . . . , 6 are positive constants,D i , i = 1, 2, 3 is the estimation of D i , i = 1, 2, 3.
Remark 4:
In control laws Eqs. (28) and (29), the hyperbolic tangent function is used to develop finite-time control laws. In this way, terms λ 1 tanh D 1 sign (S 1 ) and λ 3 tanh D 3 possess upper bounds, which depend on the design parameters λ 1 and λ 2 . As a result, the output of the control laws will not approach to infinity despite the use of adaptive laws.
Theorem 2: Considering the MSV tracking error dynamic system represented by Eq. (7) satisfying Assumption 1 and Assumption 2, the following conclusions can be derived under the proposed control laws Eqs. (28)- (31) .
i) The sliding mode surface S i , i = 1, 2 will converge to the origin within finite time. Furthermore, the estimation errorsD i = D i − λ i tanh D i , i = 1, 2, 3 will be uniformly ultimately bounded.
ii) Tracking errors e u and e v will converge to regions u and v in finite time.
Proof: The overall Lyapunov function can be selected as
Differentiating V 2 with respect to time and substituting Eqs. (7), (21), (22) and (27) yielḋ
Based on the proposed control law Eqs. (28) and (29), Eq. (36) is further rearranged aṡ
Upon applying Eqs. (30)- (32), Eq. (37) is rewritten aṡ
Thus, the sliding mode surface S i , i = 1, 2 and the estimation errorD i are uniformly ultimately bounded.
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In what follows, the finite time convergence of the tracking error and the sliding mode surface will be illustrated. By selecting positive constantsD i , i = 1, 2, 3 satisfyinḡ
the Lyapunov function is chosen as:
Differentiating V 3 by using Eqs. (7), (21), (22) and (27) yieldṡ
Inserting Eqs. (28) and (29) into (40) leading to the following result:
According to the proposed adaptive laws Eqs (30)-(32), Eq. (41) can be further written as: 
Due to the fact thatD
finally becomes:
In view of Lemma 1, it comes to the conclusion that the sliding mode surface S i , i = 1, 2 converges to the origin in finite time. Now, point (i) has been proven. When the motion of the tracking error system Eq. (7) reaches the sliding mode surface S i = 0, i = 1, 2 and remains on it, Eqs. (44) and (45) can be obtained for e u and e v , respectively.ė
For the surge tracking error e u , it can be concluded from S 1 = 0 that the relationṠ 1 = 0 always exists. Accordingly, Eq. (44) To illustrate the finite-time stability of the tracking errors, the Lyapunov function is chosen as:
By exploiting Eqs. (44), (45) and Lemma 3, the derivative of Eq. (46) is derived as;
Then, it can be followed from Lemma 1 and Lemma 2 that e u and e v will converge to the region u and v in finite time. Now, point (ii) has been proven. Now, Theorem 2 has been proven. 
IV. SIMULATION RESULTS
In this section, the effectiveness of the proposed control scheme will be illustrated by numerical simulations. The model parameters of an underactuated surface vessel is given as [15] : m 11 = 1.9 ± 0.019kg,m 22 = 2.4 ± 0.117kg, m 33 = 0.043kg ± 0.0068, d 11 = 2.436 ± 0.0023, d 22 = 12.9 ± 0.297, d 33 = 0.0564 ± 0.00085. The initial conditions of the MSV are set as:
The reference trajectory is chosen as: x d (t) = 0.5t + 1m, y d (t) = 0.25t + 0.5m. To testify the robustness of the proposed controller, the following disturbance is considered in the simulation:
The design parameters are selected as: Figs. 1-8 . In Fig.1 , the actual path of the MSV is presented along with the desired one. Obviously, the desired path can be tracked by the MSV with high control precision. The position tracking error curves are given in Fig. 2 , implying that the desired position trajectory can be tracked within 6s even in the pres- ence of external disturbance and parameter uncertainties. The practical and desired velocity of the MSV are described in Fig. 3 . It can be founded that the proposed velocity command described as Eq. (8) can be tracked within 6s, which indicates the validity of Theorem 2. Curves of velocity tracking errors are given in Fig. 4 . Steady-state errors of position and velocity can be observed from enlarged pictures in Fig. 2 and Fig. 4 , respectively. Curves of the control torque are given in Fig. 5 . According to the designed control law Eqs. (28) and (29), it is obviously that the sign function will introduce chattering problem in the MSV system. To solve this problem, the boundary layer function is introduced in the numerical simulations. The estimation information is depicted in Fig. 6 , which shows that estimation values are all bounded. To illustrate thatD i is bounded, Fig. 7 shows the estimation error curves. Fig. 8 depicts the curve of the yaw angular velocity r. It can be observed that the yaw angular velocity is always bounded under the proposed control law.
To better show the effectiveness of the proposed control scheme, the comparative study with sliding mode controllers proposed in [14] and [15] is made. Taking the same external disturbance into account, simulation results of [14] and [15] (23) in [15] .
are given in Figs. 9-12. Comparing the simulation results under different controllers, it can be concluded that the proposed controller in this paper possesses faster convergence rate and higher control precision.
V. CONCLUSIONS
The robust finite-time trajectory tracking control problem has been solved for underactuated MSVs in this paper by employing finite-time sliding mode control technology. The controller design can be divided into two stages: the desired velocity design and the finite-time controller design. A novel sliding mode surface has been proposed such that the position tracking errors can be stabilized within finite time. Numerical simulations have shown the effectiveness of the proposed method. BO WANG received the bachelor's degree from Tsinghua University, the master's degree from Bauman Moscow State Technical University, and the Ph.D. degree from Harbin Engineering University. He is currently an Associate Professor with the Unmanned Surface Vehicle Technology Research and Development Center, Harbin Engineering University. His research interests include intelligent sensing technology of marine environment, machine learning and pattern recognition techniques, deep learning for unmanned systems, and intelligent control.
